Abstract Copper dog-bone specimens are prepared by one-step spark plasma sintering (SPS). For the same SPS cycle, the influence of the nature of the die (graphite or WC-Co) on the microstructure, microhardness, and tensile strength is investigated. All samples exhibit a high Vickers microhardness and high ultimate tensile strength. A numerical electro-thermal model is developed, based on experimental data inputs such as simultaneous temperature and electrical measurements at several key locations in the SPS stack, to evaluate the temperature and current distributions for both dies. Microstructural characterizations show that samples prepared using the WC-Co die exhibit a larger grain size, pointing out that it reached a higher temperature during the SPS cycle. This is confirmed by numerical simulations demonstrating that with the WC-Co die, the experimental sample temperature at the beginning of the dwell is higher than the experimental control temperature measured at the outer surface of the die. This difference is mostly ascribed to a high vertical thermal contact resistance and a higher current density flowing through the WC-Co punch/die interface. Indeed, simulations show that current density is maximal just outside the copper sample when using the WC-Co die, whereas by contrast, with the graphite die, current density tends to flow through the copper sample. These results are guidelines for the direct, one-step, preparation of complex-shaped samples by SPS which avoids waste and minimizes machining.
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Introduction
Spark plasma sintering (SPS) and other electric field-assisted sintering techniques become more widespread for the rapid fabrication of all kinds of materials and composites because of several advantages over pressureless sintering and hot-pressing, including lower sintering temperatures and shorter holding times [1, 2] . Near-netshape manufacturing technologies produce parts that are close to the finished size and shape, requiring a minimal amount of finishing process such as machining and also avoiding waste. The potential of SPS for near-net-shaping has been recognized and some studies have reported the formation of complex-shaped samples, with more or less pronounced deviations from the cylindrical symmetry, for materials as diverse as porous silica monoliths [3] , oxide composites [4] , silicon carbide [5] , coatings on Ni-based superalloys [6] , and TiAl alloys [7] . However, so far there are only a few studies addressing the problem theoretically [8] [9] [10] , investigating the impact of the sample geometry, size and heterogeneous stress states on the non-uniformity of temperature, relative density, and grain size spatial distributions. The aim of this paper is to investigate the direct preparation by SPS of copper samples with the so-called dog-bone shape used for tensile tests specimens. For the same SPS cycle, the influence of the nature of the tailor-made die (graphite or WC-Co) on the microstructure, microhardness, and ultimate tensile strength (UTS) of the copper specimen is investigated. Electro-thermal modeling was performed in order to investigate any difference that might occur because of the different nature of the dies.
Experimental Sample preparation
A commercial copper powder (Alfa Aesar, 99 %, polyhedral grains, 1.0 ± 0.5 lm) was used. Dog-bone specimens were prepared in one step by SPS (Dr. Sinter 2080, SPS Syntex Inc., Japan). The tailor-made die was either made up of graphite (Mersen, Graphite G2333) or WC-Co (Pedersen, WC-Co 93.5: 6.5 wt%). Other than that, everything else was similar. The inner wall of the die was coated with a graphite layer deposited by spray. A sheet of graphitic paper (Mersen, Papyex Ò N998, 0.2-mm thick) was placed between the top and bottom graphite punches and the powder for easy removal. The SPS run was performed in vacuum (residual cell pressure \10 Pa). The default pattern of the machine, twelve current pulses followed by two periods of zero currents, was used. The temperature was controlled using a thermocouple (DME31, type K) introduced in a hole (3-mm deep) located on the outer surface of the die. The sample (green density 56 %, initial thickness 3.4 mm) was heated from room temperature to 700°C (50°C min ), where a 6 min dwell was applied. The minimal uniaxial charge (corresponding to 1 MPa on the compact) was applied during the ramp. Then, a uniaxial charge (corresponding to 8 MPa on the compact) was gradually applied within the first minute of the dwell at 700°C and maintained during the remaining 5 min. Cooling was applied down to room temperature (100°C min -1 ) and the uniaxial load was gradually released during the same time. The graphitic paper remaining on the surface was removed by polishing. The dog-bone samples were 53-mm long with a gage 16-mm long, 3-mm wide, and 1.7-mm thick. The specimens are hereafter denoted SG and SWC, respectively, where G stands for graphite and WC for WC-Co. The dies are denoted DG and DWC. Following earlier works performed on this particular SPS machine [11] , a specific instrumentation was developed to perform simultaneous temperature measurements at several locations in the SPS stack and electrical measurements across it, giving real time thermal and electrical conditions of the stack during the sintering cycle. The contact interfaces between its constitutive elements (punches, spacers, die, and sample) show a variety of pressure and temperature conditions and contribute to electric and thermal contact resistances (ECR and TCR, respectively) ( Fig. 1) . Earlier studies [12] [13] [14] [15] [16] [17] showed that horizontal contact resistances are lower than vertical ones, the latter being reportedly the main cause of the temperature difference between the sample core and the surface of the outer die. The ECR and TCR were calibrated using experimental temperatures and for this purpose six thermocouples were placed in the appropriate places in the stack (Fig. 2) . In particular, the sample thermocouple is embedded within the powder in one of the dog-bone heads (Fig. 2c ). All calibrated ECR and TCR are reported in the Appendix (Table 1 ). The root-mean-square (RMS) current used as an input for the current density is measured experimentally by a Rogowski coil sensor placed on the current exit under the SPS chamber. Then, the different values collected were used as input data to a numerical electro-thermal model. The local conditions were modeled in order to investigate any difference that might occur because of the different nature of the dies, the thermal and pressure cycles being exactly the same at the macroscopic scale. The equations used for the Joule heating model (heat equation, current equation), the thermal model, and the electric and thermal contacts at the inner interfaces, as well as the relevant physical properties of Inconel, graphite, WC-Co, and copper are given in the Appendix (Table 2) .
Characterization
The density of the dog-bone specimens was measured by Archimedes' method and their relative density was calculated using 8.96 g cm -3 as the theoretical density of copper. Microhardness was determined from indentation tests (1 N for 10 s in air at room temperature) performed on the polished surface along the length, from one head to the other, of the dog-bone specimen. Loading was applied with a Vickers indenter (Shimadzu HMV M3). The spacing between neighboring indents was 10 times the diagonal length of the indent. Tensile tests (MTS Synergie 1000) were performed at room temperature. Two SG and two SWC samples were tested. Precise stresses were measured by a 5 kN stress gauge system (crosshead displacement 6 9 10 -5 m s -1 and equivalent strain rate is 3.75 9 10 -3 s -1
). The elongation was measured with an extensometer. Fracture surfaces were observed by scanning electron microscopy (SEM, JEOL JSM 6700F).
Results and discussion
The relative density of the copper dog-bone specimens is similar for SG (98 ± 1 %) and SWC (97 ± 1 %). Starting from one end of the dog-bone sample, the Vickers microhardness (Fig. 3) slightly but gradually decreases, reaching a minimum for the shoulder, then increases to a value close to the initial one for the middle of the gage length. Then, it follows a roughly symmetrical evolution, as could be expected from the geometry of the SPS stack. This evolution along the length of the specimen, less pronounced for SG than for SWC, could reflect a variation in copper grain size due to differences in the actual temperature reached in different parts of the sample, the parts with a lower grain size showing a higher microhardness. The average microhardness values, higher for SG (about 1.26 GPa) than for SWC (about 1.11 GPa), are in line with values reported by other authors [18, 19] for SPS copper samples with a grain size in the range 0.4-0.7 lm. The stress-strain curves are reported in Fig. 4 . The Young modulus is about 100 GPa for all samples, lower than the value (115 GPa) found for conventional cast copper [20] , which could reflect heterogeneities in grain size and porosity, in line with the microhardness fluctuations. The UTS is higher for the SG samples (382 and 348 MPa, average 365 MPa) than for the SWC samples (322 and 284 MPa, average 303 MPa). The drop in the stress-strain curve at the end of the elastic region is characteristic of the yield point phenomenon [21] . Variations in tensile response are observed, probably induced by microstructure heterogeneities along the gage length as also evidenced on the microhardness profile. A higher elongation could reflect a larger grain size. SEM images of the fracture surfaces of the tensile test specimens reveal the typical dimples mostly below 1 lm in size for SG (Fig. 5a ), indicating negligible grain growth during sintering and a bimodal microstructure for SWC, most grains about 1 lm in size with some areas (about 25-30 % of the (Fig. 5b) . Note that the apparent difference in contrast is due to different secondary electrons detectors being used: in-objective lens detector (Fig. 5a ) and detector in microscope chamber (Fig. 5b) . These results are in agreement with other reports [22] showing that, starting from a micrometric powder, the average copper grain size of a specimen prepared by SPS at 800°C is about three times larger than when it is prepared at 750°C (6.6 and 2.2 lm, respectively). Pores about 100-200 nm in size are observed for both specimens, which could account for the residual porosity (2-3 %).
The above results show that the grain size for SWC is larger than that for SG at least in some areas including the tensile test area. This could suggest that the SWC sample reached a higher temperature during the SPS cycle.
Considering that the thermal and pressure cycles were exactly the same at the macroscopic scale, this difference can only be ascribed to the different nature of the dies.
The RMS current profile versus time is presented for the SPS runs with DG ( Fig. 6a) and DWC (Fig. 6b) . The maximum current intensity is 1413 A for DG and 1746 A for DWC, reflecting that DWC requires a higher heating power because the electrical conductivity of WC-Co is higher than that of graphite. Oscillations of the RMS current are observed throughout the thermal cycle, notably for DWC. As discussed later in the paper, this reflects the lag of thermal response of the die to the current signal. The CR calibration method is performed using an inverse analysis approach, which is very efficient to determine a set of ECR and TCR values without requiring a lengthy experimental campaign. Firstly, a model without contact is implemented. The heat dissipated in the column is underestimated because this first model does not take the ECR into account. Indeed, temperatures simulated with the first model are lower than the measured temperatures. Then, in order to raise the overall temperature field, ECR are first introduced, starting from the contact interfaces of the electrodes to the center of the column (punches, die, and sample). All the simulated temperatures are adjusted to the experimental temperatures in the best possible way. At this stage, the overall simulated/experimental temperature differences are roughly equal to 100 K. This is due to the absence of the TCR responsible for high thermal gaps at all interfaces in the column, especially for the sample, punches, and die. In a third step, the TCR are then introduced in the simulation starting from the electrode to the center of the column. The simulated temperature field is adjusted to fit the temperature differences observed experimentally. The ECR from the second calibration step are also adjusted to find the best agreement with the experimental temperatures. Finally, the cooling regime is studied to verify the TCR calibrated values. Indeed, this regime is a pure thermal problem because there is no current passing through the column. If wrong TCR values are calibrated and compensated by wrong ECR values, the cooling regime can be used to identify this problem and help to correct it. The simulated and experimental temperature profiles after calibration of all the ECR and TCR (Appendix-Table 1) are reported in Fig. 6c, d , e, f.
At the beginning of the dwell (844 s), the experimental sample temperature is higher than the experimental control temperature, by a value of 76°C for DG (Fig. 6c) and 125°C for DWC (Fig. 6d) . Thus, it is interesting to note that the SWC sample reached 825°C, i.e., about 50°C higher than SG. During the dwell (1100 s), there is still a 30°C difference, in both cases, between experimental control temperature and experimental sample temperature. Moreover, the experimental punch temperature (not shown) is higher than the experimental control temperature (23 and 62°C at 800 s for DG and DWC, respectively). This shows that the heating of the die lags behind the heating of the Fig. 7 Simulation of the temperature distribution for the vertical cross-section of the stack, in the heating regime (800 s), during the dwell (1100 s) and during cooling down (1300 s) for the graphite die (upper panel) and the WCCo die (lower panel) punch, which could reflect a vertical TCR. The temperatures in the heating regime (800 s), during the dwell (1100 s) and during cooling down (1300 s) were simulated for the vertical cross-section of the stack (Fig. 7) . The effects of the TCR are observed at each interface, a temperature gap creating a color gap in the simulation images. In the heating, dwell, and cooling regimes, the maximum temperature (i.e., the temperature of the sample) is higher for SWC than for SG. These results are also observed for the horizontal vertical cross-section (Fig. 8) . This could confirm the presence of the high vertical punch/die TCR, which is equal to about 0.002 K m 2 W -1 and creates a thermal gap between punch and die roughly equal to 90°C in the heating regime. As shown by other authors [23] , the vertical punch/die TCR is very high because of the low contact pressure applied there. The simulation and experimental results both show that the sample reaches a higher temperature with DWC than with DG, which could account the larger grain size for SWC, and thus confirms what was suspected from the microhardness and tensile tests.
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The punch/die ECR and TCR for both DG and DWC converge to values near 2 9 10 -7 X m 2 and 0.002 K m 2 W -1 at 800 s. Simulations show that current density at 800 s (Fig. 9) significantly increases through SG. By contrast, it is maximal in DWC just outside the SWC sample. The heat dissipated at the punch/die interface is higher for DWC. Moreover, for DWC, both the punch/spacer ECR and TCR are higher at high temperatures (1.67 9 10 -8 X m 2 and 2 9 10 -4 K m 2 W -1 , respectively) and contribute to dissipate and maintain more heat inside the punches/sample area. These are the main causes of the 50°C sample temperature difference observed between the two samples. The difference in current density flowing through the copper sample, as revealed in Fig. 9 , probably has some influence on its final density and microstructure, which warrants further studies. Other authors [24] have shown that the copper sintering rate is significantly increased in current-assisted sintering compared to a current-insulated configuration. Moreover, the high punch/die TCR for DWC could account for the regulation difficulties observed in the RMS current profile (Fig. 6b) .
Conclusions
It is shown that it is possible to prepare copper dog-bone specimens by one-step SPS. For the same sintering cycle, there is a significant influence of the nature of the dogbone-shaped die (graphite or WC-Co) on the microstructure, microhardness, and tensile strength of the copper samples. The SG and SWC samples exhibit a high Vickers microhardness (130 and 110 GPa, respectively) and high UTS (365 and 303 MPa, respectively). The lower mechanical properties for SWC compared to SG result from the larger grain size of SWC samples, as is confirmed by microstructural characterizations. In turn, one can reasonably assume that this larger grain size is due to higher sintering temperature, although the same SPS parameters have been used for all samples (apart from the nature of the die). This was effectively confirmed by using a specific instrumentation allowing one to perform simultaneous temperature measurements at several locations in the SPS stack and electrical measurements across it, used as input data to a numerical electro-thermal model. Due mostly to vertical thermal contact resistance at the punch/die interface (about 0.002 K m 2 W -1 ) and a higher current density flowing through the WC-Co punch/die interface, the experimental SG and SWC sample temperature at the beginning of the dwell (775 and 825°C, respectively) are higher than the experimental control temperature measured at the outer surface of the die (700°C). With the WC-Co die, the sample reaches a higher temperature (50°C) than with the graphite die, resulting in the larger grain size of the copper sample. Simulations show that with the graphite die, the current density tends to flow through the copper sample, whereas by contrast, the current density is maximal just outside the copper sample when using the WC-Co die. This probably has some influence on its final density and microstructure, which warrants further studies. These results are important guidelines for future works on the direct, one-step, preparation of complex-shaped samples by SPS, which avoids waste and minimizes machining. The basic advantages of SPS (lower sintering temperatures and shorter holding times), which allow one to manufacture samples with finer or altogether different microstructures, still hold true for near-net-shaping and it is the opinion of the present authors that its merit in comparison to alternate routes (including machining, rolling, forging, extrusion, etc.) will emerge and be recognized in the not too distant future. Future works include optimizing the SPS cycle in order to increase the homogeneity of density and most importantly grain size within the sample.
with / c the convective heat flux, T w the water temperature, T i the Inconel wall surface temperature, and h c the convective coefficient (200 W m -2 K -1 ). The electric and thermal contacts at the inner interfaces obey Eqs. (5) and (6):
with: J c and _ q c the current density and the heat flux across the contact, r c the electric contact conductance, h cr the thermal contact conductance, and U i and, T i the electric potential and temperature on each side of the contact interface. 
